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ABSTRACT
We compare the Hβ line strengths of 1.90 < z < 2.35 star-forming galaxies observed with the near-
IR grism of the Hubble Space Telescope with ground-based measurements of Lyα from the HETDEX
Pilot Survey and narrow-band imaging. By examining the line ratios of 73 galaxies, we show that
most star-forming systems at this epoch have a Lyα escape fraction below ∼ 6%. We confirm this
result by using stellar reddening to estimate the effective logarithmic extinction of the Hβ emission
line (cHβ = 0.5) and measuring both the Hβ and Lyα luminosity functions in a ∼ 100, 000 Mpc
3
volume of space. We show that in our redshift window, the volumetric Lyα escape fraction is at
most 4.4+2.1
−1.2%, with an additional systematic ∼ 25% uncertainty associated with our estimate of
extinction. Finally, we demonstrate that the bulk of the epoch’s star-forming galaxies have Lyα
emission line optical depths that are significantly greater than that for the underlying UV continuum.
In our predominantly [O III] λ5007-selected sample of galaxies, resonant scattering must be important
for the escape of Lyα photons.
Subject headings: galaxies: formation — galaxies: evolution — galaxies: luminosity function – cos-
mology: observations
1. INTRODUCTION
Lyα is the most common electronic transition in the
universe. Most often, it is a product of the photo-ionizing
photons emitted by young stars: as recombining elec-
trons cascade through the energy levels, they are fun-
neled into hydrogen’s n = 2 state by the high optical
depth of the interstellar medium to Lyman series transi-
tions. The result is that strong Lyα is a signature of star
formation, and indeed, Partridge & Peebles (1967) noted
that this feature may be our best probe for identifying
galaxies in the act of formation.
Due to the resonant nature of the line, a typical Lyα
photon must undergo tens or even hundreds of absorp-
tions and re-emissions before escaping into intergalac-
tic space. Consequently, the radiative transfer of this
line is quite complex, and even a small amount of dust
can break the chain of interactions which is necessary
for its escape. This fact is reflected in the observed
redshift evolution of Lyα emitting galaxies (LAEs): in
rbc@astro.psu.edu
1 Institute for Gravitation and the Cosmos, The Pennsylvania
State University, University Park, PA 16802
the nearby universe, such objects are quite rare, but
between z ∼ 0.3 (Deharveng et al. 2008; Cowie et al.
2010) and z ∼ 3 there is a strong increase in both the
number density of Lyα emitters and their characteris-
tic luminosity (Gronwall et al. 2007; Ouchi et al. 2008;
Hayes et al. 2010; Blanc et al. 2011; Cassata et al.
2011; Ciardullo et al. 2012; Wold et al. 2014).
Three-dimensional radiative transfer models have
demonstrated that the Lyα emission line can contain
a great deal of information about the distribution of a
galaxy’s ISM, its surrounding circum-galactic medium,
and the physics of its on-going star formation (e.g.,
Neufeld 1991; Hansen & Oh 2006; Verhamme et al.
2006; Schaerer et al. 2011). However, to extract this in-
formation, one needs accurate measurements of the frac-
tion of Lyα photons escaping the galaxy (fLyαesc ), and the
profile of the emission line.
Over the past decade, there have been numerous at-
tempts to estimate fLyαesc in the normal (non-AGN) galax-
ies of the distant (z & 2) universe, mostly by comparing
Lyα to measurements of galactic emission in the rest-
frame UV (e.g., Gronwall et al. 2007; Ouchi et al. 2008;
2Nilsson et al. 2009; Blanc et al. 2011), the far-infrared
(Wardlow et al. 2014), or the X-ray (Zheng et al.
2012). The premise behind these measurements is
straightforward: like Lyα, the strength of a galaxy’s UV,
far-IR, and X-ray emission all depend in some way on
the existence of young stars and star formation. Con-
sequently, the ratio of Lyα to these quantities should
yield a measure how efficiently Lyα is escaping its en-
vironment. Using a compilation of such measurements,
Hayes et al. (2011) determined that, over time, the “vol-
umetric” Lyα escape fraction of the universe has declined
monotonically, from ∼ 40% at z ∼ 6 to ∼ 1% locally.
This evolution is consistent with models in which Lyα is
quenched by dust, which slowly builds up as the universe
ages.
There is, however, one difficulty with this analysis: all
the star-formation rate tracers listed above are some-
what indirect and rely on empirical calibrations derived
from galaxies in the local z ∼ 0 universe. For exam-
ple, not only is the observed UV luminosity of a galaxy
extremely sensitive to the effects of internal extinction,
which may depend on such factors as star formation
rate, inclination, and redshift (e.g., Buat et al. 2011;
Kriek & Conroy 2013), but it also arises from a stel-
lar population that is slightly different from that which
is producing the ionizing photons. Although both the
UV continuum and Lyα are generated by the flux from
hot, young stars, Lyα is excited by the far-UV emission
of stars with M & 15M⊙, whereas the UV light orig-
inates in the atmospheres of M & 5M⊙ objects (e.g.,
Kennicutt & Evans 2012). Thus, the ratio of the two
quantities is subject to shifts in the initial mass function,
metallicity, extinction law, and the timescale over which
star formation is occurring. Indeed, Zeimann et al.
(2014) has examined these effects and has shown that,
even if both the star-formation rate (SFR) and extinc-
tion are well determined, measurements of the rest-frame
UV in galaxies at z ∼ 2 will underestimate the flux of
ionizing photons by almost a factor of two.
To overcome the need for empirical calibrations, one
requires a more direct probe of the ionizing flux from hot,
young stars. Since Lyα is produced by transitions out of
the n = 2 state of hydrogen, the best possible tracer of
its intrinsic strength is one which measures the preceding
transitions into the n = 2 state. To date, only one such
investigation of this type has been made in the z & 2
universe. By performing narrow-band surveys for z ∼ 2.2
galaxies in both Hα and Lyα, Hayes et al. (2010) was
able to fix the epoch’s volumetric Lyα escape fraction at
5.3± 3.8%. However, the precision of this measurement
was limited by the survey’s small volume (∼ 5440 Mpc3),
and the dearth of galaxies brighter than L∗.
To improve upon this situation, we have combined the
data from four recent surveys: 3D-HST and AGHAST
(Brammer et al. 2012; Weiner & the AGHAST Team
2014), the Pilot Survey for HETDEX, the Hobby-Eberly
Telescope Dark Energy Experiment (HPS; Adams et al.
2011), and the 3727 A˚ narrow-band observations of the
Chandra Deep Field South (CDF-S; Guaita et al. 2010;
Ciardullo et al. 2012). The first two of these studies
unambiguously measures total Hβ fluxes in the redshift
range 1.90 < z < 2.35 via WFC3 grism observations with
the Hubble Space Telescope; the latter two provide Lyα
measurements (or upper limits) for many of these same
galaxies via integral field spectroscopy and narrow-band
imaging. By comparing their data products, we can place
constraints on fLyαesc via statistically complete samples of
star-forming galaxies in the GOODS-N, GOODS-S, and
COSMOS fields.
In Section 2, we describe the observational data and
detail the procedures used for identifying and measuring
Hβ and Lyα in our target fields. In Section 3, we use
these data to measure (or place limits on) the Lyα/Hβ
ratio of 73 galaxies in the redshift range 1.92 < z < 2.35.
By converting stellar reddenings into nebular extinctions
via the empirical Calzetti (2001) obscuration law, we
show that the typical Lyα escape fraction of these galax-
ies is just a few percent. In Section 4, we consider the
epoch’s volumetric Lyα escape fraction by deriving the
Hβ and Lyα luminosity functions for a ∼ 100, 000Mpc−3
volume of space. After correcting for nebular Hβ extinc-
tion, we demonstrate that, at most, only 4.4+2.1
−1.2% of the
Lyα photons escape their galaxies, and argue that any
systematic error associated with this measurement must
be less than ∼ 25%. We conclude by discussing this mea-
surement, and the implications it has for the evolution
of galaxies.
For this paper, we assume a ΛCDM cosmology, with
ΩΛ = 0.7, ΩM = 0.3 and H0 = 70 km s
−1 Mpc−1
(Hinshaw et al. 2013).
2. THE SAMPLE
We begin our analysis with a sample of z ∼ 2 galax-
ies observed with the G141 near-IR grism of the Hub-
ble Space Telescope’s Wide Field Camera 3 (GO pro-
grams 11600, 12177, and 12328). This dataset, which is
the product of the 3D-HST (Brammer et al. 2012) and
AGHAST (Weiner & the AGHAST Team 2014) surveys,
consists of R ∼ 130 slitless spectroscopy over the wave-
length range 1.08 µm < λ < 1.68 µm, and records to-
tal emission line fluxes over 625 arcmin2 of sky. Tens
of thousands of spectra are observable on these images,
but of special interest are those produced by galaxies
in the redshift range 1.90 < z < 2.35, where the emis-
sion lines of [O II] λ3727, Hβ, and the distinctively-
shaped [O III] blended doublet λλ4959, 5007 are si-
multaneously present in the bandpass. For these ob-
jects, redshift determinations are unambiguous, and to-
tal Hβ fluxes can be measured to a 50% complete-
ness flux limit of F ∼ 10−17 ergs cm−2 s−1, inde-
pendent of redshift. Zeimann et al. (2014) has used
these data to measure the Hβ fluxes of 260 [O II] and
[O III] selected galaxies in the GOODS-S, GOODS-N
(Giavalisco et al. 2004), and COSMOS (Scoville et al.
2007) fields, while Gebhardt et al. (2014) has derived
metallicities and masses for these systems. Comparisons
with the deep X-ray surveys of the regions (Elvis et al.
2009; Alexander et al. 2003; Xue et al. 2011) confirm
that the vast majority of these objects are normal
galaxies with star-formation rates between ∼ 1 and
∼ 200M⊙ yr
−1 and no evidence of AGN activity
(Zeimann et al. 2014). Any Hβ source projected within
2.′′5 of a cataloged X-ray position has been excluded from
our analysis.
Our Lyα measurements (and upper limits) come prin-
cipally from HPS, a blind integral-field spectroscopic
study of four areas of sky, including COSMOS and
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GOODS-N. A full description of this survey and its
data products is given by Adams et al. (2011), but in
brief, a square 246-fiber array mounted on the Har-
lan J. Smith 2.7-m telescope at McDonald Observa-
tory was coupled to the R ∼ 850 George and Cyn-
thia Mitchell Spectrograph, a proto-type of the Visible
Integral-field Replicable Unit Spectrograph (VIRUS-P)
designed for HETDEX (Hill et al. 2008). At the fo-
cal plane, each fiber subtends an angle 4.′′2 in diame-
ter, enabling simultaneous spectroscopy of ∼ 2.7 arcmin2
of sky between the wavelengths 3550 A˚ and 5800 A˚.
At z ∼ 2.2, 50% of the survey’s pointings reach a 5 σ
monochromatic flux limit of 1.3×10−16 ergs cm−2 s−1 (or
logL(Lyα) = 42.68 ergs cm−2 s−1) and 90% reach 2.5×
10−16 ergs cm−2 s−1 (logL(Lyα) = 42.96 ergs cm−2 s−1).
Above these flux limits, the HPS’s recovery fraction of
emission lines is greater than 95% for emission line equiv-
alent widths greater than 5 A˚, and better than 90% for
equivalent widths as small as 1 A˚ (Adams et al. 2011).
Moreover, because the VIRUS-P spectrograph’s response
increases rapidly towards the red, the luminosity limits of
this survey are roughly constant throughout our redshift
range of our observations (Blanc et al. 2011).
In total, the HPS survey covered 169 arcmin2, with
107 arcmin2 in the COSMOS and GOODS-N regions.
Roughly 76 arcmin2 of this area overlaps the fields stud-
ied by HST, with ∼ 85% of the overlap region use-
able for science (see Section 4.1). Thus, the intersec-
tion of two surveys encompasses a co-moving volume of
∼ 93, 000 Mpc3 between 1.916 < z < 2.350.
To compare the HPS Lyα measurements with the Hβ
fluxes from the HST grism, we began by examining the
VIRUS-P spectra at the location of every galaxy in the
HST emission-line selected sample. Since the original
HPS survey ignored all detections below 5 σ confidence,
we re-measured these spectra, mimicking the procedures
of Adams et al. (2011) using a 6′′ radius aperture cen-
tered on the position of each Hβ source. This spec-
trophotometry did present some challenges. Because
the dither pattern of the HPS placed roughly two of
the 4.2′′ diameter fibers at any given position, we had
to precisely compute the fraction of each fiber falling
within any given aperture. This calculation was done
by summing the total fiber area within the designated
aperture and then normalizing the flux by this aperture
area. In addition, although we did have prior knowledge
of the approximate redshift of each source, the limited
spectral resolution of the HST grism (∆z ∼ 0.005 at
z ∼ 2; Brammer et al. 2012; Colbert et al. 2013) pre-
vented us from knowing the exact wavelength of the cor-
responding Lyα line. We therefore searched a spectral
window about the Hβ-defined wavelength of Lyα that
was six times the wavelength resolution of the grism,
(±6 · 1216 A˚ · (1 + z) · ∆z ∼ 109 A˚), summing up the
putative Lyα flux in a series of 4.2 A˚ bandpasses (i.e.,
twice the spectral resolution of the instrument). The to-
tal flux and noise were then corrected for flux losses due
to the fixed spatial and spectral aperture by assuming
an effective PSF through the 4.′′2 fibers of 6′′ FWHM
and adopting an 8 A˚ FWHM for the line profile. Finally,
we searched for sources with a signal-to-noise detection
greater than 3 within the spectral bandpass. This pro-
cedure recovered the fluxes of all the 5 σ Lyα detections
found by Adams et al. (2011) in our Hβ redshift win-
dow, and identified one additional Hβ counterpart with
a Lyα S/N of ∼ 4. For the remaining Hβ sources we
used the 3 σ Lyα limits in our analysis.
To supplement the HPS data, we also used a second
source of Lyα measurements: the deep, narrow-band ob-
servations of the Extended Chandra Deep Field South.
Guaita et al. (2010) imaged this field with the CTIO 4-
m and Mosaic camera for 28.17 hours through a 50 A˚
wide interference filter centered at 3727 A˚, and obtained
a sample of over 200 Lyα emitting objects in the redshift
range 2.04 . z . 2.08. [See Ciardullo et al. (2012) for
more details on this dataset.] A subset of these sources
fall in the GOODS-S region surveyed by 3D-HST, thus
allowing us to increase the number of Lyα emitters with
reliable Hβ constraints. Because these narrow-band ob-
servations sample only a small redshift slice of the uni-
verse, the actual volume covered by the GOODS-S data
is rather small, just ∼ 15, 000 Mpc3, or ∼ 15% that of
the overlap region between HPS and the fields surveyed
by the HST grism. Also, due to the redshift uncertainty
associated with the HST grism measurements, the Lyα
emission from any given Hβ source with 2.02 . zgrism .
2.09 may, or may not fall within the narrow-band filter’s
bandpass. This ambiguity, plus the flux errors intro-
duced by the filter’s Gaussian-shaped transmission curve,
complicates the interpretation of these photometric mea-
surements. Nevertheless, the narrow-band Lyα data do
reach significantly deeper than the HPS spectra (to a
90% completeness limit of 2× 10−17 ergs cm−2 s−1) and
are useful, for both probing the faint end of the LAE
luminosity function, and performing the inverse experi-
ment of measuring fLyαesc for targets where Lyα is already
detected.
Finally, to complete our sample, we performed a re-
verse search and examined the HST grism frames for
evidence of Hβ emission at the position of known Lyα
sources. For several objects, this proved to be impossible
due to contamination from overlapping spectra. How-
ever, in a few cases, we were able to extract the Hβ
fluxes for the LAE candidate, thereby reconfirming its
existence. Our final sample in the area of HPS/HST
overlap therefore consists of 54 Hβ emitting galaxies and
13 Lyα emitters, with four objects detected in both sur-
veys. The GOODS-S region contains 24 galaxies with
grism-based redshifts between 2.03 ≤ z ≤ 2.08, though
only 13 have redshifts that fall within the effective vol-
ume surveyed by the Gaussian-shaped narrow-band fil-
ter (defined by the filter’s full-width at two-thirds max-
imum; see Gronwall et al. 2007, for the details of this
calculation). Of the 10 narrow-band selected Lyα emit-
ters falling within the 3D-HST survey area, 8 have Hβ
detections. A list of these objects appears in Table 1.
3. INDIVIDUAL LYα/Hβ RATIOS
The lower panel of Figure 1 compares our HST Hβ
fluxes to Lyα measurements and limits made via HPS
spectroscopy. The measurements are plotted against
β, the slope of the rest-frame UV continuum between
1250 A˚ and 2600 A˚, as derived from the deep multicolor
photometry compiled and homogenized by Skelton et al.
(2014). Also plotted are the LAEs found in the GOODS-
S field. From the figure, it is immediately obvious that
4for most galaxies, Lyα is below the detection limit of
the ground-based surveys. As stated above, only four of
the 54 Hβ emitting galaxies were detected with the HPS
spectroscopy; this agrees with the results of Hayes et al.
(2010), who found little overlap in the blind samples of
Lyα and Hα emitters at z = 2.2. The fraction of Lyα
recoveries is greater for the deeper GOODS-S data, but
since it is not known exactly where these objects fall on
the narrow-band filter’s transmission curve, the uncer-
tainties associated with their Lyα fluxes are generally
large. Nevertheless, these objects do suggest the exis-
tence of an upper limit to the Lyα/Hβ ratios of galaxies.
Of course, the values shown in the lower panel of Fig-
ure 1 do not reflect the true ratio of these emission lines.
Before we can use these limits to infer Lyα escape frac-
tions, we must correct Hβ for the effects of internal ex-
tinction. For the dataset under consideration, this is not
straightforward. The HST grism spectra do not extend
to z ∼ 2 Hα, and Hγ is generally too faint (and too close
in wavelength to Hβ) to constrain the Balmer decrement.
Consequently, we have no direct measure of the extinc-
tion affecting the objects’ recombination lines. We do,
however, have access to a measure of stellar reddening,
as each field has deep multicolor photometry that extends
throughout the rest-frame UV, from 1250 A˚ to 2600 A˚
(Skelton et al. 2014). Calzetti (2001) has shown that
over this spectral range, the intrinsic slope of the stellar
continuum of star-forming galaxies is very nearly a power
law, with Fλ ∝ λ
β0 . For steady-state star-formation ex-
tending over ∼ 0.5 Gyr, β0 ≈ −2.25, while for extremely
young starbursts, β0 may be as steep as −2.70. If the
rest-frame UV slope of a star-forming galaxy is observed
to be flatter than this value, the most likely explanation
is reddening due to dust.
We next need to know how the observed slope of the
UV continuum translates into nebular extinction. As
has been noted many times in the literature, the dis-
tribution of stars within a galaxy is generally wider
than that of the dust, and the latter is often associ-
ated with individual H II regions (e.g., Charlot & Fall
2000). As a result, emission-line gas is usually extin-
guished more than the stars. By observing 8 starburst
galaxies in the local universe, Calzetti (2001) concluded
that E(B−V )stars = 0.44E(B−V )gas and that the slope
of the rest-frame UV continuum is related to the total
stellar extinction (in magnitudes) at 1600 A˚ and the to-
tal nebular Hβ extinction by
A1600 = κβ∆β and AHβ = ζHβ A1600 (1)
with κβ = 2.31 and ζHβ = 0.83. Without direct measure-
ments of the Balmer decrement for large samples of z ∼ 2
galaxies, it is impossible to confirm this relation for the
objects in our sample. Nevertheless, using the same G141
grism data studied here, Zeimann et al. (2014) showed
that, indeed, a power-law fit is good representation of
the stellar continuum, and the product
0.4× (1− ζHβ)κβ = 0.155± 0.043 (2)
is at least consistent with the value of 0.162 expected
from the Calzetti (2001) obscuration relation. This
law is also supported by several recent surveys (e.g.,
Fo¨rster Schreiber et al. 2009; Mannucci et al. 2009;
Holden et al. 2014), though others have found E(B −
V )gas > E(B−V )stars > 0.44E(B−V )gas (Wuyts et al.
2013; Price et al. 2014). Nevertheless, it is reasonable
to conclude that a Calzetti (2001) relation, at least in
the statistical sense, is applicable to the galaxies in our
sample.
The top panel of Figure 1 repeats our Lyα/Hβ com-
parison, but with Hβ corrected for extinction via the
Calzetti (2001) obscuration relation and the assumption
that β0 = −2.25. These values can easily be translated
into escape fractions. Under Case B recombination, ev-
ery ionization results in the creation of a Balmer-line
photon, with ∼ 11.5% of these photons coming via an
n = 4 to n = 2 transision (i.e., Hβ; Pengelly 1964;
Osterbrock & Ferland 2006). Three quarters of these
Balmer transitions land in a 2P orbital and immediately
decay to the ground state via the emission of Lyα; the
other 25% of the electrons become temporarily trapped
in the 2S state before decaying to n = 1 via two-photon
emission. Thus, under normal conditions, the Lyα/Hβ
ratio should be
R =
I(Lyα)
I(Hβ)
=
3
4
αB
αeffHβ
hνLyα
hνHβ
≈ 25 (3)
where αB is the Case B recombination coefficient (2.59×
10−13 cm3 s−1 at 10,000 K) and αeffHβ is the effective Case
B recombination coefficient for Hβ (3.03×10−14 cm3 s−1
at T = 10000 K; Pengelly 1964; Osterbrock & Ferland
2006).
The escape fractions shown in Figure 1 used R = 25
as the intrinsic ratio of Lyα to Hβ. In practice, however,
these escape fractions are upper limits. If the Case B
condition is relaxed so that the Lyman continuum is
optically thin, then the Lyα/Hβ ratio may be boosted
to values as large as R ∼ 33, thereby lowering fLyαesc .
Most evidence suggests that at the redshifts considered
here, the escape fraction of Lyman continuum photons
is at most a couple of percent (e.g., Chen et al. 2007;
Iwata et al. 2009; Vanzella et al. 2010), but this possi-
bility cannot be excluded. Similarly, if the ISM density
approaches ne/
√
Te/104 & 10
4 cm−3 collisions will redis-
tribute 2S electrons into the 2P state, again enhancing
Lyα relative to Hβ. In the galaxies of the local universe,
most H II regions have electron densities between 1 and
100 cm−3 (e.g., Gutie´rrez & Beckman 2010), though this
number may be slightly larger in dwarf systems (e.g.,
Hunter & Hoffman 1999). Shocks or very high densities
(such as in the broad-line regions of AGN) may also in-
crease Lyα relative to Hβ by creating an environment
where the n = 2 state of neutral material is collisionally
populated. Finally, our estimates of nebular reddening
assume that the observed z ∼ 2 galaxies have been un-
dergoing vigorous star formation for at least ∼ 0.5 Gyr,
so that β0 = −2.25. Since all our grism-selected objects
have very high Hβ equivalent widths, the intrinsic slopes
of their rest-frame UV continua are unlikely to be flat-
ter than this value (Zeimann et al. 2014). However, β0
could be steeper, up to −2.7 in the extreme, if the sys-
tems have only recently begun their star forming activ-
ity (Calzetti 2001). In this case, our reddening estimates
would be underestimated, Hβ would be enhanced, and,
once again, our inferred ratios of Lyα to Hβ would need
to be reduced.
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Fig. 1.— Lyα/Hβ ratios for 1.92 < z < 2.35 HST-grism galaxies plotted against the power-law slope of the galaxies’ rest-frame UV
continua (β) and their corresponding nebular extinction [E(B−V )], assuming a Calzetti (2001) obscuration relation. The red points show
Lyα upper limits from the integral-field spectroscopy of the HETDEX Pilot Survey, with the circles representing COSMOS field objects and
the squares denoting sources in GOODS-N. The purple points indicate HPS objects with both Lyα and Hβ detections. For comparison,
the blue points are the ratios of GOODS-S LAEs detected via narrow-band imaging. The bottom panel presents the observed data, while
the top panel corrects the Hβ line fluxes for extinction using the slope of the UV continuum and the relation between stellar reddening and
obscuration given by Calzetti (2001). (Objects with β < −2.25 have been assigned zero reddening.) The green dashed lines show where
the optical depth to Lyα is 0.5, 1.0, and 2.0 times that of the continuum at 1216 A˚. After correcting for extinction, most, if not all the
galaxies lie below this line, demonstrating the importance of resonant Lyα scattering within these galaxies.
In summary, our adopted values of R = 25 and β0 =
−2.25 both produce upper limits for the Lyα escape frac-
tion. Any deviations from simple Case B recombination
or steady-state star formation will only serve to reduce
fLyαesc . While factor of ∼ 2 errors are theoretically pos-
sible for systems younger than ∼ 2 Myr, in most cases,
any systematic error associated with our escape fraction
measurements should be less than ∼ 30%.
As the upper panel of Figure 1 illustrates, the median
Hβ emitter detected by the HST grism has an escape
fraction below 7%, with no statistical difference between
the results of the two HPS fields. Note that our con-
straints on fLyαesc become progressively stronger as the
slope of the UV continuum becomes redder. This is sim-
ply the result of our extinction law: as the stellar redden-
ing increases, so does the assumed extinction correction
for Hβ. The implied increase in Hβ then translates into
a decreased limit for the Lyα/Hβ ratio.
Another way to view the data of Figure 1 is through
the mathematics of survival analysis (Cohen 1991;
Lee & Wang 2003; Feigelson & Babu 2012). Several au-
thors have shown that the distribution of Lyα equiva-
lent widths is exponential in form above a rest-frame
equivalent width of ∼ 20 A˚ (Gronwall et al. 2007;
Nilsson et al. 2009; Ciardullo et al. 2012). If the same
is true for Lyα escape fractions, then the computation of
the median escape fraction is straightforward. The result
is a most likely median value of fLyαesc = 5.9
+1.0
−0.9%, where
the errors are computed via a Markov Chain Monte Carlo
sampler (Foreman-Mackey et al. 2013). Of course, since
this calculation depends on the underlying shape of the
distribution, the formal errors on fLyαesc underestimate the
true uncertainty in the measurement.
Perhaps the most instructive way to interpret Figure 1
is through the geometric parameter q, which has been
defined by Finkelstein et al. (2008) as the ratio of the
optical depth of Lyα to that of the stellar continuum at
1216 A˚. In objects where resonant scattering is impor-
tant and the escape path for Lyα photons is long, the
6likelihood of such a photon encountering a dust grain is
large and q > 1. Conversely, if q ∼ 1, Lyα must have
a relatively direct escape route from the galaxy, with a
path-length similar to that of the star light. Values of
q < 1 point to either anisotropic emission, a spatial off-
set between the points of origin for Lyα and the contin-
uum, a clumpy ISM (Neufeld 1991; Hansen & Oh 2006),
or significant deviations from Case B recombination.
The dashed lines Figure 1 display the q = 0.5, 1 and
2 relations under the assumption that a Calzetti (2001)
obscuration relation holds, with A1216 = 2.77∆β. As
expected, most of the sources have upper limits that are
larger than q = 1, demonstrating that resonant scat-
tering of Lyα photons within these galaxies is signifi-
cant. Perhaps as importantly, none of the objects show
values of q significantly less than one. Several studies
have found that luminous Lyα emitting galaxies tend
to cluster about the q = 1 line (e.g., Finkelstein et al.
2009, 2011; Blanc et al. 2011; Nakajima et al. 2012),
and Hagen et al. (2014a) found that small values of q are
common in compact, low-mass LAEs. But these analy-
ses were for systems selected via their strong Lyα emis-
sion. The sources analyzed here were primarily chosen
via their bright [O III] (or [O II]) lines. In these more
normal star-forming galaxies, q is generally greater than
one, demonstrating that Lyα has a difficult time escaping
its immediate environment.
4. THE GLOBAL ESCAPE FRACTION
An alternative approach to exploring the escape frac-
tion of Lyα photons from the z ∼ 2 universe is to do
so globally, via a comparison of the Hβ and Lyα lumi-
nosity functions. The ∼ 100, 000 Mpc3 volume of space
surveyed for both Hβ and Lyα contains 67 galaxies de-
tected in Hβ and 23 identifiable via Lyα. These numbers
are more than sufficient for defining the emission-line lu-
minosity functions of the two galaxy populations and in-
tegrating for their total luminosity density.
4.1. The Hβ Luminosity Function
In order to calculate the z ∼ 2 Hβ luminosity func-
tion, we must first estimate the effective area of overlap
between the HPS and the HST grism observations. This
is not just a simple geometry problem, since, as with all
slitless spectroscopy, overlapping sources render a frac-
tion of the survey area unusable. Zeimann et al. (2014)
estimated this fraction via a series of Monte Carlo exper-
iments, in which realistic magnitude and positional dis-
tributions were used to create simulated frames, which
were then “observed” in the same manner as the original
data. At each point on the simulated frames, the amount
of contamination was compared to the local sky noise,
and all regions where the systematics of spectral sub-
traction were greater than this noise were excluded from
consideration. Since sky noise is the dominant source
of uncertainty for all z ∼ 2 observations, this procedure
generated a reliable statistical measure of the grism sur-
vey’s effective area. Based on the results of these sim-
ulations, we reduced the geometric HPS/HST overlap
region by 15% to 65 arcmin2, and used this new area in
our calculation of survey volume.
To measure the total Hβ luminosity density at z ∼
2, we began by following the procedures described
by Blanc et al. (2011) and applied the 1/Vmax tech-
nique (Schmidt 1968; Huchra & Sargent 1973) to the Hβ
sources found in COSMOS, GOODS-N, and GOODS-
S. As described in Zeimann et al. (2014), the complete-
ness fraction of our HST grism sample, as a function
of Hβ flux, has been calculated via a series of Monte
Carlo simulations; in summary, the 50% completeness
limit for the two GOODS fields (in ergs cm−2 s−1) oc-
curs at logFHβ = −17.06, while for COSMOS, this limit
is logFHβ = −16.88. In the regions of overlap between
the Hβ and Lyα surveys, 42 galaxies are present above
these completeness limits. Using these data, we com-
puted Vmax, the co-moving volume over which an object
with Hβ luminosity L would be detected more than 50%
of the time. The number density of galaxies in any ab-
solute luminosity bin of width ∆ logL is then
φ(logL) =
1
∆(logL)
η
∑
i
{
1
Vmax(i)
}
(4)
where η is the inverse of the completeness function, and
the summation is performed over all galaxies with lu-
minosities falling within the bin. The top-left panel of
Figure 2 displays this function, where the uncertainties
on the points are from Poissonian statistics only.
We next fit this function using the maximum-likelihood
procedure detailed in Ciardullo et al. (2013). We began
with the assumption that over the redshift range 1.92 <
z < 2.35, the Hβ luminosity function can be modeled via
a Schechter (1976) law
φ(L/L∗)d(L/L∗) = φ∗ (L/L∗)
α
e−L/L
∗
d(L/L∗) (5)
with L∗ being the characteristic monochromatic lumi-
nosity of the epoch. The observed function, of course,
does not follow this relation, as incompleteness takes an
ever increasing toll at fainter fluxes. Hence we define
φ′(L, z) as the Schechter function modified by the flux-
dependent completeness fraction at each redshift as given
by Zeimann et al. (2014). From Poissonian statistics,
the probability of observing n galaxies in any given lu-
minosity and volume interval ∆L∆V is then
p(n|λ) =
λne−λ
n!
(6)
where the expectation value λ = φ′(L, z)∆L∆V . If we
let these intervals become differentials, then the likeli-
hood of drawing an observed set of N Hβ luminosities
from a given Schechter function with parameters L∗, φ∗,
and α becomes
lnP = −
∫ z2
z1
∫ ∞
Lmin(z)
φ′(L, z)dL dV +
N∑
i
lnφ′(Li, zi)
(7)
where, for purposes of our analysis, we define the lower
limits of the luminosity integral by where the complete-
ness fraction drops to 50%. The top right panel of Fig-
ure 2 displays the likelihood contours in L∗ and φ∗,
with the faint-end slope fixed at α = −1.6 for consis-
tency with other studies (Hayes et al. 2010; Ly et al.
2011; Sobral et al. 2013). To avoid the well-known de-
generacy between L∗ and φ∗, the ordinate of the plot
gives the integral of the Schechter function (down to
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Fig. 2.— The Hβ and Lyα luminosity functions in the 1.92 < z < 2.35 regions surveyed for both emission lines. The left-hand panels show
the observed luminosity functions (binned into 0.15 dex and 0.20 dex intervals for Hβ and Lyα, respectively), and the best-fit Schechter
(1976) functions. The right panels display the likelihood contours (in 0.5σ intervals) of the fitted functions, with logL∗ on the x-axis and
the number density of galaxies brighter than logL = 41.5 (ergs s−1) on the y-axis. The slope of the faint end of the luminosity function
has been fixed at α = −1.6.
logL = 41.5 ergs s−1), rather than the traditional coeffi-
cient, φ∗. The most likely solution, with logL∗ = 42.07
and φtot(logL > 41.5) = −3.18 Mpc
−3, is displayed
in the top left of Figure 2. For comparison, the most
likely Hβ luminosity function for the full sample of
1.90 < z < 2.35 HST-grism selected galaxies in COS-
MOS, GOODS-N, and GOODS-S has logL = 42.07 and
φtot(logL > 41.5) = −3.28.
Table 2 lists the most-likely Schechter (1976) function
parameters, their uncertainties, and the total integrated
Hβ luminosity density
ρHβ = φ
∗L∗ Γ(α+ 2) (8)
for the 1.92 < z < 2.35 regions of overlap between the
HST surveys, HPS, and the CDF-S narrow-band survey
field. Although this latter quantity does require the ex-
trapolation of the Schechter (1976) function to zero lumi-
nosity, this extension is not an important issue, as galax-
ies below our detection threshold are predicted to con-
tribute only ∼ 20% to the universe’s total Hβ luminosity
density. For reference, Table 2 also lists the Hβ lumi-
nosity function parameters for the entire 1.90 < z < 2.35
grism survey region of COSMOS and GOODS. Although
this full volume is roughly four times larger than that
for the just the regions of survey overlap, the luminosity
function defined by its galaxies is virtually identical to
that of the smaller region.
The likelihoods given in Table 2 and displayed in Fig-
ure 2 represent only the formal statistical error of our
fit. Not included are systematic uncertainties associated
with the data themselves, most notably, with the com-
pleteness corrections. Our estimates for the survey area
and completeness fraction are based on the simulations
performed by Zeimann et al. (2014), who also confirmed
that metallicity, equivalent width, and redshift are not
important factors for determining the detectability of
Hβ. This analysis did not, however, take galaxy size into
account, and this can be an important factor for slitless
spectroscopic surveys. Fortunately, for the dataset con-
sidered here, the effect is minor. As van der Wel et al.
(2014) have shown, ∼ 84% of massive (M∗ & 10
10M⊙)
late-type galaxies at z = 2.25 have effective radii smaller
than 0.′′45, while all the Hβ galaxies analyzed here have
re < 0.
′′50 (Hagen et al. 2014b). In this regime, the com-
pleteness of an HST grism survey is a very weak func-
tion of size (see the analysis of Colbert et al. 2013), and
the simulations of Zeimann et al. (2014) should be valid.
Based on this result, our calculation of survey area and
incompleteness fraction likely carries an additional error
of ∼ 8%.
8Similarly, because the HST survey fields are rela-
tively small, the effects of cosmic variance on our lu-
minosity functions are non-negligible. We can estimate
this number using the cosmic variance calculator devel-
oped by Trenti & Stiavelli (2008), which combines Press-
Schechter theory with N-body cosmological simulations
to predict field-to-field fluctuations in arbitrary slices (or
pencil beams) of the universe. According to this esti-
mator, our number counts in the three HST fields carry
an additional uncertainty of ∼ 12%, while that for just
the 65 arcmin2 region of overlap between the HST-grism
surveys and our two sets of ground-based Lyα observa-
tions is ∼ 20%. Of course, for estimates of the Lyα es-
cape fraction, it is the field-to-field variations of galactic
properties such as star formation rate and dust content
which are the important parameters for the calculation,
not simply the number of galaxies present in the region.
While we are less able to quantify this number, it seems
likely that the effect is significantly less than ∼ 20%.
The last piece of information needed to compute the
Hβ luminosity density of the z ∼ 2 universe is an es-
timate of Hβ attenuation. Once again, we are limited
by the lack of direct knowledge of the galaxies’ nebular
extinction. Measurements of the Balmer decrement in
the z ∼ 2 universe are rare, especially for samples of
emission-line selected galaxies. (The closest comparison
sample to our own – that created by Domı´nguez et al.
(2013) from 128 WFC3 grism-selected galaxies in the
0.75 < z < 1.5 universe — has very large uncertain-
ties, with a mean value of cHβ ∼ 1.0 ± 1.0 dex.) Con-
sequently, we must again compute the loss of Hβ sta-
tistically from measurements of the stellar continuum.
We did this by translating the UV slopes of each Hβ
source in our sample into a nebular extinction using the
obscuration relations of Calzetti (2001), and then exam-
ining the distribution of these extinctions. If we just
consider the sample of 42 galaxies in the region of space
surveyed for Hβ and Lyα, then the median logarithmic
extinction at Hβ is cHβ = 0.35, while the effective ex-
tinction, defined via the total amount of Hβ luminos-
ity lost due to dust in all the galaxies, is cHβ = 0.44.
For comparison, the logarithmic extinctions found for all
1.90 < z < 2.35 galaxies brighter than the 50% Hβ com-
pleteness limit in the HST fields of COSMOS, GOODS-
N, and GOODS-S is cHβ = 0.31 (median) and cHβ = 0.59
(effective). This difference between the median and effec-
tive attenuation is not unexpected: as noted by many au-
thors, reddening is strongly correlated with stellar mass
and therefore star-formation rate (e.g., Moustakas et al.
2006; Garn & Best 2010; An et al. 2014). Since the
brightest Hβ emitters are also those most heavily ex-
tinguished by dust, the effective extinction of the sample
should be larger than the median extinction. For the re-
mainder of this paper, we will adopt cHβ = 0.5 as the
total logarithmic extinction at Hβ, while noting that the
uncertainty on this number is likely to be ±0.1 dex. The
resulting intrinsic Hβ luminosity density and total error
for the z ∼ 2 universe is then log ρHβ = 39.49 ± 0.12
(ergs s−1 Mpc−3).
Our Hβ luminosity function is the first such mea-
surement at z & 2. However, there have been pre-
vious estimates of the epoch’s Hα luminosity function
from deep, narrow-band surveys in the infrared. While
Hayes et al. (2010) found logL∗(Hα) = 43.22 (ergs s−1)
and a total Hα luminosity density of log ρHα = 39.77
(ergs s−1 Mpc−3) in a 56 arcmin2 region of GOODS-
S, a much larger (∼ 2 deg2) study by Sobral et al.
(2013) inferred logL∗(Hα) = 42.47 and log ρHα = 40.01.
Our best-fit Hβ function, coupled with an effective
logarithmic extinction of cHβ = 0.5, a Cardelli et al.
(1989) extinction law (with RV = 3.1) and an as-
sumed intrinsic Hα/Hβ ratio of 2.86 (Pengelly 1964;
Osterbrock & Ferland 2006) implies observed values for
L∗ and the Hα luminosity density of logL(Hα) = 42.68
(ergs s−1) and log ρHα = 39.70 (ergs s
−1 Mpc−3). In
other words, our measurement of L∗ is in good agree-
ment with that of Sobral et al. (2013), but our es-
timated luminosity density is more in line with that
found by Hayes et al. (2010). It is somewhat surprising
that these three surveys differ by more than 0.3 dex in
their determination of luminosity density, but given the
small volumes involved (5440, 77,000, and 108,000 Mpc3
for the Hayes et al. (2010), Sobral et al. (2013), and
this survey, respectively), and the expected cosmic vari-
ance in the number counts (∼ 50%, 15%, and 20%;
Trenti & Stiavelli 2008), the result is still reasonable.
We can also test our measurement of the Hβ lumi-
nosity function by converting it into a star formation
rate. The observed Hβ luminosity density in our HST
fields is log ρHβ = 38.99 ± 0.04 (ergs s
−1 Mpc−3). If
we again de-redden this number by cHβ = 0.5 and as-
sume an intrinsic Hα/Hβ ratio of 2.86, then log ρHα =
39.95 (ergs s−1 Mpc−3). The application of the lo-
cal Hα star-formation rate calibration (Hao et al. 2011;
Murphy et al. 2011; Kennicutt & Evans 2012) then
yields log ρSFR ∼ −1.3 ± 0.1 (M⊙ yr
−1 Mpc−3) where
the error is dominated by the uncertainty in the redden-
ing correction. This value is generally consistent with
most other determinations of the epoch’s star-formation
rate density (e.g., Hopkins 2004; Wilkins et al. 2008;
Bouwens et al. 2010), although, as pointed out above,
it is slightly lower than that found from the Hα observa-
tions of Sobral et al. (2013).
4.2. The Lyα Luminosity Function and fLyαesc
To compute the volumetric Lyα escape fraction of
the z ∼ 2 universe, we repeated the above analysis us-
ing the Lyα emitting galaxies found in our overlapping
survey area. For the HPS objects, this involved using
the estimates of completeness versus line flux computed
by Adams et al. (2011) for the 186 separate VIRUS-
P pointings covering the HST-grism fields in COSMOS
and GOODS-N; for the narrow-band data, the complete-
ness fraction versus monochromatic flux relation was
based on the artificial star experiments performed by
Ciardullo et al. (2012) on the region’s deep Mosaic im-
ages. These functions were then folded into the 1/Vmax
calculation of equation (4) and the luminosity function
was fit using the maximum-likelihood procedures de-
scribed by equation (7).
The results are shown in the bottom panels of Fig-
ure 2 and summarized in Table 2. Because our sur-
vey fields contain far fewer LAEs than Hβ galaxies, the
Lyα luminosity function is not as well defined as its
Hβ counterpart. Indeed, only 11 HPS galaxies and 6
narrow-band selected objects have Lyα detections that
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Fig. 3.— Our maximum likelihood solution for the escape fraction of Lyα photons from our ∼ 100, 000 Mpc3 survey regions at 1.92 <
z < 2.35. The plot assumes steady-state star formation for at least ∼ 0.5 Gyr, an effective logarithmic Hβ extinction of cHβ = 0.5, that
∼ 20% of Lyα photons arise from low equivalent width objects, and that Case B recombination holds. Errors in the latter two assumptions
would likely drive the escape fraction to lower values.
are brighter than their frame’s 50% completeness limit.
As a result, the “knee” of the Schechter (1976) function is
poorly defined and detected only with ∼ 2 σ significance.
Nevertheless, the best fit function, with logL = 43.60
(ergs s−1) and logφ∗ = −4.45 (Mpc−3), is similar to that
found by Blanc et al. (2011) for the entire sample of 49
non-X-ray-emitting HPS LAEs with 1.9 < z < 2.8. Our
z ∼ 2 value of logL∗ is significantly larger that those
found by narrow-band surveys (Ciardullo et al. 2012;
Gronwall et al. 2014), but, given the vastly larger vol-
ume studied by the HPS and the increased likelihood of
finding rare, exceptionally bright objects, this difference
is not a serious concern.
Despite the rather large uncertainty associated with
logL∗, the total Lyα luminosity density of the z ∼ 2
universe, as defined through equation (8), is very well
defined, with log ρLyα = 39.56± 0.11 (ergs s
−1 Mpc−3).
This number is a slight underestimate, since, unlike the
HST grism, the HPS and the narrow-band surveys do not
unambiguously identify every Lyα source above a flux
limit. To be classified as an LAE, a galaxy must also have
a rest-frame equivalent width greater than 20 A˚. (Lower
equivalent width objects can be confused with foreground
sources and are usually ignored.) To correct for these
missing objects, one must estimate the total amount
of emission associated with low-equivalent width galax-
ies. If the equivalent width distribution of such objects
follows the exponential function defined by the higher
EW LAEs, then our census may be missing between
20% and 30% of escaping Lyα photons (Ciardullo et al.
2012; Gronwall et al. 2014). Alternatively, if, as sug-
gested by Shimasaku et al. (2006), the true distribution
of Lyα equivalent widths has a lognormal form similar
to that associated with local [O II] emitting galaxies
(e.g., Blanton & Lin 2000), then the missing Lyα flux
would be far less. Since observations of Lyman-break
galaxies appear to support the former possibility (e.g.,
Shapley et al. 2003; Kornei et al. 2010), we use this
more conservative approach in our calculations and as-
sume that we are missing ∼ 20% of the epoch’s total Lyα
luminosity density.
Figure 3 combines our two likelihood functions to show
the total Lyα escape fraction within our ∼ 100, 000Mpc3
survey volume. In the figure, the most probable escape
fraction for the z ∼ 2 universe is 4.4+2.1
−1.2%, with the bulk
of our statistical error arising from the uncertainty in
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the Lyα luminosity function. We must note, however,
that the systematic errors associated with our measure-
ment may be greater than this. While our assumptions
about Case B recombination, the history of z ∼ 2 star
formation, and the population of low equivalent width
Lyα emitters suggest that our measurement of fLyαesc is
an upper limit, the greatest uncertainty is that associ-
ated with internal extinction. As mentioned above, none
of the objects studied in this program have measured
Balmer decrements; instead, we have estimates of the
stellar reddenings derived from the observed slopes of
the rest-frame UV continua. These are, at best, indi-
rectly related to the nebular extinctions applicable to
our problem (Calzetti 2001). To produce Figure 3, we
have assumed cHβ = 0.5, but this number likely has an
uncertainty of ±0.1 dex. This factor adds an additional
∼ 25% error onto our estimate, making our systematic
error term comparable to our statistical uncertainty.
5. DISCUSSION AND CONCLUSIONS
Our estimate of 4.4+2.1
−1.2% for the Lyα escape fraction
is consistent with the study by Blanc et al. (2011), who
normalized their 1.9 < z < 2.8 LAE observations via
rest-frame UV measurements of the epoch’s star for-
mation rate density. It also agrees with most mod-
els for the evolution of fLyαesc with redshift (Hayes et al.
2011; Blanc et al. 2011; Dijkstra & Jeeson-Daniel 2013).
But these analyses rely predominantly on indirect mea-
surements: in fact, the only previous study to directly
compare Lyα emission with Lyα production is that of
Hayes et al. (2010). By performing dual narrow-band
surveys in Lyα and Hα, and estimating nebular ex-
tinction via the reddening of the stellar rest-frame UV
continuum, Hayes et al. (2010) obtained 5.3 ± 3.8% as
the Lyα escape fraction for the z = 2.2 universe. Our
1.92 < z < 2.35 measurements, which also rely on stellar
reddenings, encompass a volume ∼ 20 times larger than
that of the Hayes et al. (2010) survey, and are therefore
far less sensitive to issues associated with cosmic vari-
ance. More importantly, by surveying this larger volume,
we have been able to better define the bright end of the
Lyα and Hβ luminosity functions. While our data are
not as good as those of Hayes et al. (2010) for defin-
ing the slope of the faint-end of the luminosity function
(we adopt α = −1.6, rather than fitting for the vari-
able), we have many more L > L∗ galaxies, and, unless
the Schechter (1976) function has a very steep, faint-end
slope, it is this latter parameter which is most important
for defining the total emission-line flux. Of course, our
observations also have the drawback of being based on
Hβ, rather than Hα, and are thus more sensitive to the
effects of dust and internal extinction than the previous
study.
At present, our measurements of fLyαesc are limited by
two factors: the depth of our survey for Lyα, and our
ability to estimate cHβ for individual galaxies. Both of
these issues should improve rather rapidly.
At the wavelengths considered here, the HPS typi-
cally reached a monochromatic flux limit of ∼ 1.5 ×
10−16 ergs cm−2 s−1, or logL(Lyα) ∼ 42.7 (ergs s−1) at
z ∼ 2.2. Unfortunately, as shown in Figure 1, this is not
deep enough to detect many of the emission-line galaxies
found by the HST grism, as our median upper limit on
the Lyα escape fraction is ∼ 6%. In other words, our de-
tection threshold lies just above that expected from our
analysis of the epoch’s volumetric escape fraction. The
main HETDEX survey, which begins in 2015, is designed
to reach Lyα flux limits that are a factor of ∼ 3 fainter
than that for the HPS, i.e., ∼ 0.5×10−16 ergs cm−2 s−1 at
∼ 3900 A˚. This limit should allow us to directly measure
fLyαesc for the typical star-forming galaxy of the epoch, and
enable a search for trends with object size, stellar mass,
and star formation rate.
Similarly, our ability to measure the intrinsic Balmer
line luminosities of the Hβ-selected galaxies is rapidly ad-
vancing. Like most previous studies of Lyα emission at
2 < z < 3 (e.g., Gronwall et al. 2007; Hayes et al. 2010;
Blanc et al. 2011), our estimates of nebular extinction
are inferred from measurements of stellar reddening, and,
while there may be a relation between the two parame-
ters, this unknown does introduce an uncertainty into the
calculation. Fortunately, instruments are now available
which allow simultaneous infrared spectroscopy for large
numbers of z ∼ 2 sources (e.g., Eikenberry et al. 2012;
McLean et al. 2012), thereby enabling direct measure-
ments of the galaxies’ Balmer decrements. This capabil-
ity will remove the most important source of systematic
error from the analysis.
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TABLE 1
Hβ and Lyα Galaxy Measurements
log Flux (ergs cm−2 s−1)
α(2000) δ(2000) z β Hβ Lyα
COSMOS
10:00:35.54 +02:13:03.0 1.934 −1.25± 0.06 −16.57± 0.11 < −15.88
10:00:36.67 +02:13:07.7 2.092 −1.55± 0.12 −17.18± 0.45 < −16.12
10:00:33.96 +02:13:16.0 2.230 −2.30± 0.05 . . . −15.55+0.12
−0.07
10:00:17.30 +02:19:26.5 2.084 −1.54± 0.06 −17.27± 0.36 < −15.87
10:00:15.73 +02:20:28.1 1.975 −1.64± 0.15 −16.78± 0.08 < −15.81
10:00:47.16 +02:17:44.5 2.025 −1.62± 0.02 −16.09± 0.03 < −15.82
10:00:41.65 +02:18:00.2 2.095 −1.39± 0.03 −16.84± 0.16 < −15.98
10:00:40.82 +02:18:22.9 2.070 −1.63± 0.01 . . . −15.59+0.21
−0.17
10:00:42.91 +02:18:25.6 2.096 −1.90± 0.04 −16.73± 0.09 < −15.91
10:00:38.64 +02:18:36.3 1.927 −1.79± 0.08 −16.36± 0.08 < −15.79
10:00:42.21 +02:18:48.5 2.290 −1.85± 0.08 −16.59± 0.07 < −16.16
10:00:18.68 +02:14:59.9 2.310 −0.33± 0.70 . . . −15.41+0.13
−0.10
10:00:21.92 +02:15:40.0 2.093 −2.46± 0.11 −16.71± 0.08 < −16.15
10:00:20.69 +02:12:53.4 2.163 −1.55± 0.11 −16.65± 0.08 < −16.21
10:00:23.79 +02:13:10.4 2.107 −2.50± 0.24 < −17.06 −15.99+0.22
−0.17
10:00:17.22 +02:13:38.0 2.105 −1.67± 0.09 −16.89± 0.14 < −16.16
10:00:19.19 +02:14:06.6 2.103 −1.86± 0.05 −16.61± 0.09 < −16.31
10:00:23.61 +02:15:57.4 2.088 −1.57± 0.05 −16.43± 0.06 < −16.17
10:00:29.58 +02:17:02.8 1.921 −1.86± 0.03 −16.35± 0.05 < −15.45
10:00:28.64 +02:17:48.7 2.093 −2.49± 0.04 . . . −14.84+0.07
−0.03
10:00:27.24 +02:17:31.6 2.283 −2.08± 0.07 −16.70± 0.20 −15.35+0.13
−0.11
10:00:22.88 +02:17:14.0 2.220 −1.71± 0.10 −16.82± 0.11 < −16.21
10:00:26.61 +02:17:14.5 2.224 −2.65± 0.12 −17.13± 0.22 < −16.18
10:00:24.22 +02:14:11.7 2.104 −1.32± 0.05 −16.81± 0.14 < −16.26
10:00:25.45 +02:14:27.8 2.166 −2.17± 0.16 −16.67± 0.09 < −16.18
10:00:23.41 +02:14:32.3 2.097 −1.79± 0.14 −16.74± 0.08 < −16.10
10:00:23.23 +02:12:30.7 2.225 −2.45± 0.11 −16.40± 0.08 < −16.20
10:00:39.12 +02:14:51.0 2.125 −1.51± 0.04 −16.49± 0.06 < −15.73
10:00:32.33 +02:14:53.0 1.975 −2.37± 0.06 −16.37± 0.05 < −15.58
10:00:32.60 +02:15:35.9 2.162 −1.87± 0.05 −16.45± 0.06 < −15.83
10:00:34.08 +02:15:54.4 2.199 −1.81± 0.13 −16.99± 0.17 < −15.79
10:00:44.93 +02:15:53.2 2.093 −2.38± 0.13 −16.84± 0.08 < −15.67
10:00:37.02 +02:17:47.5 1.940 −2.11± 0.14 −16.96± 0.11 < −15.72
10:00:29.81 +02:18:49.2 2.200 −1.69± 0.05 . . . −15.38+0.06
−0.06
10:00:19.55 +02:17:56.1 2.052 −1.84± 0.07 −16.97± 0.31 < −15.85
GOODS-N
12:36:15.00 +62:13:29.9 1.998 −1.97± 0.20 −16.66± 0.06 < −15.72
12:36:20.46 +62:14:52.2 1.999 −2.26± 0.38 −17.21± 0.15 < −15.29
12:36:15.86 +62:13:25.7 2.086 −2.20± 0.30 −17.58± 0.37 < −15.90
12:36:18.78 +62:10:37.3 2.264 −1.73± 0.12 −16.55± 0.06 < −16.11
12:36:20.07 +62:11:12.4 2.004 −1.64± 0.11 −16.76± 0.09 < −15.75
12:36:13.33 +62:11:45.2 2.258 −1.74± 0.25 −16.93± 0.11 < −15.93
12:36:24.96 +62:12:23.6 2.216 −1.56± 0.18 −17.04± 0.16 < −16.10
12:36:40.61 +62:13:10.9 2.051 −1.81± 0.25 −16.89± 0.13 < −16.09
12:36:35.42 +62:14:37.6 2.006 −1.68± 0.06 −16.75± 0.41 < −16.07
12:36:42.09 +62:13:31.4 2.018 +0.52± 0.51 −17.25± 0.27 < −16.05
12:36:44.90 +62:13:35.6 2.234 −1.85± 0.43 −17.14± 0.12 < −16.35
12:36:50.10 +62:14:01.2 2.235 −1.49± 0.10 . . . −15.61+0.09
−0.06
12:36:44.12 +62:14:01.9 2.273 −0.12± 1.25 . . . −15.69+0.16
−0.21
12:36:47.46 +62:15:03.5 2.083 −2.46± 0.21 −16.69± 0.06 −15.94+0.08
−0.08
12:36:53.79 +62:15:21.7 2.022 −2.54± 0.26 −17.22± 0.24 < −15.83
12:36:55.60 +62:14:50.7 1.975 −1.85± 0.21 −17.11± 0.13 < −16.21
12:36:41.26 +62:11:15.6 2.062 −1.96± 0.12 −16.38± 0.05 < −15.84
12:36:55.06 +62:13:47.1 2.233 −2.10± 0.10 −16.57± 0.05 < −16.33
12:36:54.19 +62:13:35.9 2.263 −2.59± 0.59 −16.86± 0.08 −15.92+0.15
−0.11
12:37:04.33 +62:14:46.2 2.220 −1.76± 0.10 −16.33± 0.07 −15.11+0.05
−0.04
12:37:11.78 +62:13:38.9 1.914 −2.08± 0.17 −16.71± 0.06 < −15.79
12:37:11.20 +62:14:31.5 2.191 −2.24± 0.24 −17.42± 0.27 < −16.27
12:37:02.01 +62:14:19.1 2.291 −2.21± 0.53 −17.09± 0.11 < −16.16
12:36:53.32 +62:10:35.9 1.975 −1.69± 0.09 −16.78± 0.11 < −16.04
12:37:02.72 +62:10:10.8 1.989 −1.66± 0.16 −16.51± 0.04 < −15.52
12:37:11.00 +62:11:40.1 2.270 −2.10± 0.15 . . . −15.86+0.20
−0.28
12:37:07.10 +62:11:52.6 2.275 −1.89± 0.11 −17.22± 0.20 < −16.10
12:37:10.42 +62:10:35.5 2.161 −2.02± 0.58 −17.43± 0.32 < −15.85
GOODS-S
3:33:00.61 −27:40:27.0 2.030 −1.55± 2.73 < −17.12 −16.69+0.09
−0.09
3:32:40.52 −27:49:32.5 2.042 −2.06± 1.22 −17.06± 0.20 −16.49+0.09
−0.09
3:32:34.44 −27:47:42.8 2.030 −2.00± 0.13 −16.73± 0.05 . . .
3:32:41.55 −27:48:24.4 2.080 −2.25± 0.44 −16.88± 0.25 −16.50+0.07
−0.07
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TABLE 1 — Continued
log Flux (ergs cm−2 s−1)
α(2000) δ(2000) z β Hβ Lyα
3:32:42.19 −27:48:59.6 2.079 −1.94± 0.26 −17.54± 0.49 −15.99+0.02
−0.02
3:32:28.85 −27:52:20.1 2.039 −1.47± 0.18 −16.41± 0.05 . . .
3:32:13.76 −27:43:00.5 2.070 −2.50± 0.13 −16.83± 0.27 −16.13+0.03
−0.03
3:32:45.54 −27:53:43.3 2.059 −1.55± 0.22 −17.17± 0.26 −16.53+0.08
−0.08
3:32:26.83 −27:46:01.8 2.079 −1.15± 0.15 −16.75± 0.07 . . .
3:32:25.82 −27:46:09.3 2.076 −1.56± 0.30 −17.02± 0.13 . . .
3:32:11.45 −27:50:26.7 2.068 −2.37± 0.18 −16.29± 0.04 −15.97+0.02
−0.02
3:32:18.12 −27:49:41.9 2.034 −1.77± 0.08 −16.90± 0.19 . . .
3:32:59.11 −27:53:20.7 2.030 −0.03± 0.09 −16.55± 0.18 −16.02+0.02
−0.02
3:32:04.00 −27:43:51.6 2.044 −2.02± 0.58 . . . −16.65+0.10
−0.10
3:32:08.66 −27:42:50.2 2.075 −1.85± 0.12 −16.66± 0.16 . . .
3:32:07.84 −27:42:27.2 2.049 −1.22± 0.44 −16.61± 0.06 . . .
3:32:09.60 −27:47:39.9 2.040 −1.53± 0.21 −17.04± 0.12 . . .
3:32:21.40 −27:51:26.2 2.037 −1.14± 0.20 −16.52± 0.08 . . .
3:32:46.15 −27:49:22.6 2.032 −2.08± 0.10 −17.01± 0.14 . . .
3:32:43.46 −27:43:36.5 2.078 −0.51± 0.23 −16.90± 0.13 . . .
3:32:23.24 −27:42:31.6 2.078 −1.66± 0.16 −16.64± 0.04 . . .
3:32:35.73 −27:46:39.0 2.073 −0.50± 0.60 −16.99± 0.07 . . .
3:32:35.60 −27:47:45.4 2.030 −1.48± 0.49 −17.20± 0.10 . . .
3:32:40.19 −27:46:54.6 2.069 −0.64± 0.92 −17.35± 0.14 −16.36+0.05
−0.05
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TABLE 2
Best-Fit Schechter Function Parameters
Entire HST HST/HPS + NB
overlap
Parameter Hβ Hβ Lyα
Area (arcmin2) 275 157 157
Maximum Volume (Mpc3) 408,000 103,000 103,000
Number of Galaxies 97 43 17
cHβ (median) 0.37 0.37 0.30
cHβ (effective) 0.55 0.44 0.89
Fixed α −1.6 −1.6 −1.6
Fitted Quantities Prior to Extinction Correction
logL∗ (ergs s−1) 42.07± 0.09 42.07± 0.13 43.60+0.54
−0.23
φtot (logL < 41.5) (Mpc−3) −3.28± 0.04 −3.18± 0.07 −3.01± 0.12
log ρ (ergs s−1 Mpc−3) 38.99± 0.04 39.09± 0.06 39.56± 0.11
Best φ∗ (Mpc3) −3.43 −3.32 −4.44
